Background {#Sec1}
==========

In many grasslands, the diversity of the vegetation is driven by a diversity of low abundance broadleaf forbs, whereas most of the biomass is contributed by a low diversity of grasses \[[@CR1]\]. In more stressful grasslands, such as the Songnen grasslands, which have a high pH, arid climate and strong nitrogen limitation \[[@CR2]\], the overall plant diversity is low and the grass component can be dominated by a single species, such as *L. chinensis* \[[@CR3]\]. In such a vegetation the structure and functioning of the entire ecosystem is closely associated with the traits and ecology of the dominant species. In most perennial grasslands worldwide, the dominant grasses mainly reproduce vegetatively and seed production is often low \[[@CR4]\]. However, sexual reproduction is still important because seeds are key for long distance dispersal and seeds play an important role to reestablish vegetation after major disturbances \[[@CR5]\]. Sexual reproduction is influenced by the seed number and the seed quality \[[@CR6]\]. Particularly, larger seeds are beneficial because of increased seedling growth especially under unfavorable conditions \[[@CR7]\].

Worldwide, in many grasslands there is increased nitrogen deposition \[[@CR8], [@CR9]\] including in China. Background annual atmospheric nitrogen deposition in the North China Plain is in the order of 2 g N m^− 2^ yr^− 1^, whereas current rates are as high as 15 g N m^− 2^ yr^− 1^ at some areas \[[@CR10]\]. Similar increases are predicted for many more areas in the North China Plain grasslands. Most studies examining the impact of elevated nitrogen deposition in grasslands focus on net primary productivity \[[@CR11]\], or vegetative plant reproduction, and largely ignore changes in plant sexual reproduction. However, increased nitrogen availability also changes plant growth \[[@CR12]\] and frequently increases total seed production, increases the relative biomass allocation to reproduction \[[@CR13], [@CR14]\], and seed production becomes more stable over time \[[@CR15]--[@CR17]\]. Nitrogen fertilization increases seed production by either increasing seed number, the weight of each seed or a combination of both. However, species differ in this, some species such as *Festuca rubra* L. do not change seed weight with nitrogen addition \[[@CR18]\], whereas as other grasses such as *Lolium perenne* L. do increase seed weight \[[@CR19]\].

*Leymus chinensis* (Trin.) Tzvel, is the dominant perennial, rhizomatous grass widely distributed in the eastern regions of the Eurasian steppe zone, including the Songnen plain \[[@CR2]\]. In Songnen grasslands, it is contributing 80--90% to the total vegetation biomass \[[@CR3]\]. Previous nitrogen addition studies have focused on community productivity and diversity and found that nitrogen addition lowers plant diversity and increases net primary productivity because of an increase in shoot density and individual shoot weight \[[@CR20], [@CR21]\]. However, how sexual reproduction of *L. chinensis* changes in relation to increased nitrogen has largely been ignored. We simulated atmospheric nitrogen disposition in a nitrogen addition experiment to examine changes in sexual reproduction in *L. chinensis*. We hypothesized that nitrogen addition (1) increases seed production, because of increased resource availability; (2) increases average seed weight, because increased resources allow all seeds to fully develop thereby reduces the amount of inferior seed; (3) improves seed quality as measured by increased seed germination and seedling growth, because of larger seeds.

Results {#Sec2}
=======

Nitrogen addition significantly increased sexual reproduction, specifically the flowering plant density, seed number per plant, thousand seed weight, and the seed number per square meter produced (Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}). Some aspects of sexual reproduction such as the flowering plant number and seed density varied among the years, whereas the seed number per plant and thousand seed weight did not vary among the years (Table [1](#Tab1){ref-type="table"}). Nitrogen addition induced a 48.7% decrease in the small seed (\< 2.1 mg) proportion and an average of 42.3% increase in the large seed (2.6--3.0, \> 3.0 mg) proportion (Fig. [1](#Fig1){ref-type="fig"}). Table 1Results of the two-way ANOVA examining the effects of the experimental year and nitrogen addition on vegetation, plant and seed changes. Presented are the F and *P* values of ANOVA's, *n* = 6 for all vegetation and plant measurements and *n* = 3 for all germination measurementsDependent traitYear (Y)Nitrogen addition (N)Y × N*FPFPFP*Flowering plant density (no. m^2^)4.003**0.029**51.809**0.000**0.0840.919Seed no. per plant1.3470.2769.696**0.004**0.7080.501Thousand seeds weight (g)3.1860.05741.986**0.000**0.3710.693Seed no. (m^2^)4.052**0.028**34.716**0.000**1.3940.264Potential germination no. (m^2^)9.908**0.001**50.813**0.000**3.419**0.046**Germination success (%)  \< 2.1 mg9.564**0.003**0.5030.4920.5030.617 2.1--2.5 mg2.2070.1537.091**0.021**2.2070.153 2.6--3.0 mg28.123**0.000**3.280**0.005**0.8220.463  \> 3.0 mg15.449**0.000**31.223**0.000**2.0920.166Germination rate  \< 2.1 mg4.193**0.028**6.820**0.023**1.3730.290 2.1--2.5 mg4.332**0.038**6.379**0.027**0.0340.967 2.6--3.0 mg69.209**0.000**41.444**0.000**4.6630.032  \> 3.0 mg57.227**0.000**62.229**0.000**16.346**0.000**Seedling shoot biomass (g individual^−1^)  \< 2.1 mg2.3160.14115.235**0.002**0.4310.659 2.1--2.5 mg1.6640.23015.698**0.002**0.5540.589 2.1--2.5 mg1.1120.3615.844**0.032**1.1650.345  \> 3.0 mg6.854**0.010**74.894**0.000**10.609**0.002**Seedling root biomass (g individual^−1^)  \< 2.1 mg1.8040.2068.207**0.014**0.2940.750 2.1--2.5 mg1.1490.34917.894**0.001**2.7100.093 2.1--2.5 mg1.1600.34521.745**0.001**0.0980.907  \> 3.0 mg0.1100.8965.558**0.036**0.7770.482† Bold text represents the significant values was less than 0.05 (*P* \< 0.05)Table 2Flowering plant density and seed number per plant, thousand seed weight, and seed density in control plots and nitrogen addition plots. The data are expressed as means ±1 SE, n = 6 per treatment200720082009ControlNitrogenControlNitrogenControlNitrogenFlowering plant density (no.m^2^)82.2bc ± 3.5104.2a† ± 5.279.7bc ± 2.8104.0a ± 3.772.5c ± 3.693.8ab ± 3.9Seed no. per plant14.0ab ± 1.222.1a ± 2.513.5ab ± 3.518.1ab ± 8.113.1b ± 1.516.4ab ± 5.2Thousand seeds weight (g)2.1c ± 0.12.3ab ± 0.12.2bc ± 0.12.5a ± 0.12.2bc ± 0.12.4ab ± 0.1Seed no. per (m^2^)1151.0bc ± 42.82300.5a ± 299.61089.3c ± 68.31897.8ab ± 86.5960.3c ± 34.71522.3bc ± 119.0† For each variable, values with different letters indicate the significant differences between control and nitrogen addition treatment among three experimental years (*P* \< 0.05, from post hoc comparison). For ANOVA results, see Table [1](#Tab1){ref-type="table"}Fig. 1Seed size distribution of four seed weight fractions for control and nitrogen addition treatments for three years. Presented are the means ±1 S. E for 6 replications

Germination success of large and medium seeds increased significantly with nitrogen addition, however there was no change for the smallest seed size category (Fig. [2](#Fig2){ref-type="fig"}a, Table [1](#Tab1){ref-type="table"}). Germination success also varied significantly among years, but only for the largest seed category (Fig. [2](#Fig2){ref-type="fig"}a, Table [1](#Tab1){ref-type="table"}). In contrast to the germination success, the germination rates of all seed sizes significantly increased with nitrogen addition and varied significantly among the years (Fig. [2](#Fig2){ref-type="fig"}b, Table [1](#Tab1){ref-type="table"}). Fig. 2Seed germination (**a**) and seed germination rate (**b**) of four seed weight fractions in three years for control and nitrogen addition treatments. Germination rate was calculated according to the following equation: germination rate = ΣG/t, where G is the percentage of seed germinated at 1 day interval and t is the total germination period. Presented are the means ±1 S. E for 3 replications

Seedling growth, as indicated by the seedling shoot and root biomass, in both large and small seeds increased significantly with nitrogen addition consistently among years, except for the largest seed category (Fig. [3](#Fig3){ref-type="fig"}). Fig. 3Aboveground shoot and belowground root growth for four seed weight fractions in three years for control and nitrogen addition treatments. Presented are the means ±1 S. E for 3 replications

The potential number of seeds that are produced that can germination significantly increased with nitrogen addition, but also showed significant differences among the three sampling years (Table [1](#Tab1){ref-type="table"}). This pattern in potential seeds produced available for germination matched the pattern in the flowering plant density (Fig. [4](#Fig4){ref-type="fig"}, Table [2](#Tab2){ref-type="table"}). Fig. 4Potential number of germinating seed density based on control versus nitrogen seed production. Presented are the means ±1 S. E for 6 replications. Different letters indicate the significant differences between control and nitrogen addition treatment among three experimental years (*P* \< 0.05, from post hoc comparison). For detail ANOVA results, see Table [1](#Tab1){ref-type="table"}

Discussion {#Sec3}
==========

In line with the first and second predictions, nitrogen addition increased all sexual reproduction components that contribute to total seed production of *L. chinensis,* i.e. flowering plant density, seed number per plant, and seed weight. The seeds produced on each plant shoot and the seed weight are determined by the growing conditions during the year of flowering, hence nitrogen addition has a direct influence \[[@CR22]\]. Increased seed weight is likely caused by the increased resource availability resulting from nitrogen addition \[[@CR23], [@CR24]\]. However, an important component leading to increased seed production was the higher flowering plant density. Flowering shoots originate from belowground tillers that were produced in the previous late summer and early fall, thus are influenced by nitrogen addition in the year before seed production. Previous research in tall fescue and ryegrass grassland added nitrogen not every year and shows that both flowering plant density and seed weight did not respond much to nitrogen addition \[[@CR18], [@CR19]\]. Thus, because different components that determine total seed production were influenced in different years, multiple years of nitrogen addition may promote responses similar with natural nitrogen deposition in a long-term. Do note that we simulated the increase in nitrogen deposition by adding a onetime nitrogen pulse each year. This differs from current and anticipated future increased atmospheric nitrogen deposition; the wet part of atmospheric deposition is more closely linked to the annual precipitation patterns and the dry deposition component is more evenly distributed throughout the year. It is unclear if our experimental onetime pulse nitrogen addition benefits *L. chinensis* more than other plant species, and there is a need for experiments that more closely use a continuous addition of nitrogen that better mimics natural patterns of atmospheric nitrogen deposition.

Nitrogen addition reduced both the number and proportion of small seeds and increased the germination success and germination rate of all larger seed categories, which consistent with the third prediction. Small seeds typically are lower quality seeds with reduced germination and seedling growth rates. Previous research on *L. chinensis* has also shown that small, inferior seeds may contain chemical or microorganisms that inhibits the germination of all, including larger seeds \[[@CR25]\]. Regardless of the mechanism, clear is that the increase in absolute and proportional seed weight is the likely main driver of improved total seed quality. Nitrogen addition also improved seedling growth in both small and big seeds, which typically is caused by increased metabolic resources present in the nitrogen induced larger seed \[[@CR26], [@CR27]\]. This increase in resources can speed up seed germination because the radicle can break the seed coat faster, speeding up the nutrient absorption from the soil, and hence seedling growth \[[@CR26]--[@CR28]\]. This faster seedling establishment is an advantage for new stand establishment because earlier developing seedlings can obtain more resources, thereby gaining a competitive advantage to later germinating seeds \[[@CR29], [@CR30]\]. We also found a significant difference in seed germination success and rate among our three sampling years. Rainfall was above normal during the early part of the growing season when seeds develop in the first 2 years of our experiment (Fig. [5](#Fig5){ref-type="fig"}). This increased rainfall may have contributed to this increased germination success and rate, because adequate soil moisture supply is beneficial to seed development \[[@CR31]\]. Fig. 5Average and actual monthly precipitation. Long-term average precipitation is based on monthly average precipitation from 1989 to 2009, collected at the weather station of the Ecosystem Field Station of Northeast Normal University, which is located close to the research site. The actual monthly data is from an eddy meteorological tower located adjacent (\~ 200 m) to the experimental plots

In summary, nitrogen addition not only significantly promotes seed productivity and size, nitrogen addition also increases seed germination and growth. Thus, with anticipated future increases in atmospheric nitrogen deposition, *L. chinensis* competitive ability may benefit from such increased nitrogen availability because of the increased seed number that can increase the soil seed bank and larger seeds that enhance germination and seedling growth. Such an increase in competitive ability may lead to increased dominance of *L. chinensis*, as has been shown in many nitrogen addition studies that show increased dominance of a single grass species \[[@CR1], [@CR11]\]*.* The Songnen grasslands are characterized by low plant diversity, and increased *L. chinensis* dominance with increased atmospheric nitrogen addition may further decrease overall plant diversity as has been documented in many other nitrogen addition experiments \[[@CR32]\], and studies using atmospheric nitrogen deposition gradients \[[@CR33]\].

Conclusions {#Sec4}
===========

We show here that nitrogen addition significantly increases all aspects of sexual reproduction in *L. chinensis*. Nitrogen addition increased flowering plant density and seed number per plant, also increased seed quality, by increasing the average seed weight, increasing the proportion of larger seed and decreasing the smaller seed proportion. This increase in seed quality improved both seed germination and subsequent seedling growth. Thus, under anticipated future increased nitrogen deposition, *Leymus chinensis* competitive dominance may further increase.

Methods {#Sec5}
=======

Study site {#Sec6}
----------

The study site was conducted at the Grassland Ecosystem Field Station of the Northeast Normal University at Songnen Grassland, China (123 °44′E and 44 °40′N, 137.8--144.8 m a.s.l.). The mean annual precipitation of the area is 360 mm (1989--2017), with most of the rainfall in this monsoon climate occurring during the growing season from June to August. The air temperature is highest in July, 22\~25 °C and coldest in January − 22\~ − 16 °C. The major soil type is Mollisols. The soil contains 19.6 ± 1.3 g nitrogen kg^− 1^, 29.4 ± 3.0 g organic carbon kg^− 1^, and has a pH of 8.64 ± 0.2 in the 0--25 cm depth horizon (*n* = 3 for all measurements \[[@CR29]\]. The plant community at the experimental site is dominated by *L. chinensis* with about 80% cover, other common species are *Calamagrostis epigeios, Chloris virgata* and *Puccinellia tenuiflora*. Currently, the atmospheric nitrogen deposition rate at our study location in the Northeast region of China is about 5 g N m^− 2^ yr^− 1^ and is projected to continue to increase \[[@CR34], [@CR35]\]. This research examines a native plant species that does not require any special permit. Research permission was obtained for this project from the Key Laboratory of Vegetation Ecology, Ministry of Education, Northeast Normal University.

Species description {#Sec7}
-------------------

*L. chinensis*, a perennial, rhizomatous grass widely distributed in the eastern regions of the Eurasian steppe zone \[[@CR30]\]. *L. chinensis* is tolerant to saline-alkali soil, extreme drought and cold, and has high palatability for livestock likes cow and sheep \[[@CR31]\]. *L. chinensis* flowers in late May to early June, seed matures in late July and grows vegetatively until October, after which aboveground shoots die and plants go dormant until the next spring. The flowering and vegetative plant shoots have a height of 70 cm and 50 cm, and each shoot has 3 to 8 leaves.

Experimental design and measurements {#Sec8}
------------------------------------

This experiment used a randomized complete block design with six replicate blocks laid out in twelve plots, with each block including one nitrogen addition plot and one control plot. Plot size was 3 × 4 m and plots were separated by a 3 m border. 10 g m^− 2^ of nitrogen was added to simulate nitrogen deposition using ammonium nitrate fertilizer (99% purity) at the end of June each year. Nitrogen addition start in 2006 and we measured the vegetation in 2007 to 2009. In May 2006, a permanent 1 × 1 m quadrat was located in the center of each plot. The density of *L. chinensis* vegetative and flowering (spike) shoot population was determined at the mature seed stage at the end of July in each year. 20 flowering plant shoots in each plot were randomly sampled to count with the spike seed and floret numbers (Voucher specimens deposited in a public samples storage room of Institute of Grassland Science, Northeast Normal University. The formal identification of samples was done by SG and \[JW\]1). Filled seeds with glumes were air-dried for 3 weeks in laboratory conditions before measuring the thousand-seed weight (seed from the same block was considered as one sample and labelled using sample time with block identification. For details see the supplementary material). The thousand-seed weight was calculated from the weight of 100 seeds multiplied by 10. The seed number per square meter was calculated based on the flowering plants density multiplied by the plant shoot seed number.

Each year five hundred mature seeds in each treatment were randomly selected and we calculated the proportion of seed mass in each class with three replications (the seed was divided into 4 groups with mass of \< 2.10, 2.10--2.54, 2.55--3.00, \> 3.00 mg). Then, 20 seeds of each weight group were randomly selected with three replications, placed into a sealed Petri dish (11 cm diameter) with double-layer filter paper for the germination test. The Petri dishes were placed into growth chamber (HPG-400, Haerbin DL technology development Co. Ltd., Haer12bin, China) with a 30 °C/14 h light, 20 °C/10 h dark.

Before starting the germination test, seeds were sterilized using 5% potassium permanganate solution for 10 min. The cumulative seed germination rate was recorded each day until no more seeds germinated over a 20-day period. All seedlings were grown for 15 days and then harvested to determine seedling shoot biomass (SSB) and seedling root biomass (SRB). All samples were oven dried at 65 °C for 24 h. Germination success (GS) = *Gt*/*S* × 100, where Gt is the germinated seed number and S is the sum number of germinated seeds and potentially viable seeds \[[@CR36]\]. Germination rate (GR) = ∑*G*/*t*, where G is the percentage of germinated seeds per day and *t* is the total germination period. Potential seed germination (the proportion of seeds that will germinate) per square meter was calculated using: (SG) = $\documentclass[12pt]{minimal}
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                \begin{document}$$ \sum \limits_i^4 TS\times RF\times GS $$\end{document}$, where TS is the total number of seeds per square meter; RF is the proportion of each mass class and GS is the germination success (%).

Data analysis {#Sec9}
-------------

To determine the effect of nitrogen addition effect, yearly differences and year by nitrogen interaction on seed production, germination and seedling growth, we used General Linear Models. Comparisons of means between control and nitrogen addition treatments during experimental period were performed with Tukey's post hoc test for each variable. All statistical analyses were performed using the SPSS (SPSS 22.0, SPSS Inc., Chicago, USA). As criteria for statistical significance we used α = 0.05.

Supplementary information
=========================

 {#Sec10}

**Additional file 1.**

**Publisher's Note**

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Supplementary information
=========================

**Supplementary information** accompanies this paper at 10.1186/s12870-020-2307-8.

We would like to express our sincere thanks to Senior Engineer Xiuquan Yue, Assistant Engineer Yanan Li for their technical support in the lab study. We are also grateful to editors and anonymous reviewers for their productive comments.

SG collected field data, performed data analysis, and drafted the manuscript. \[JW\]1 conceived, designed the research, and revised manuscript. JK revised and wrote manuscript and \[JW\]2 coordinated the study and helped review of the manuscript. \[JW\]1 corresponding to \[Junfeng Wang\], and \[JW\]2 corresponding to \[Jiao Wang\]. All authors gave final approval for publication.

The research was funded by the National Natural Science Foundation of China (31971505), the Natural Science Foundation of Jilin Province (20170101163JC), the Scientific Research Project of the Department of Education, Jilin Province (JJKH20200581KJ, JJKH20201180KJ) and the Program of Introducing Talents Discipline to Universities (B16011). The first of two funders provides financial support for the data collection process. The last one provides financial support for data analysis and manuscript revision.

The dataset supporting the conclusions of this article is included within the supplementary file (Electronic supplementary material-data.xlsx). It is available from the corresponding author on reasonable request.

Not applicable.

Not applicable.

There are no competing interests to declare.
